The mechanism whereby attachment enhances Escherichia coli virulence in the urinary tract was studied by a detailed analysis of the host response to bacteriuria. Episodes of bacteriuria in 1473 children were followed prospectively from 1970to 1984. To study the inflammatory responseto the bacteriuricepidoses,werecordedbody temperature,C-reactive protein, microsedimentation rate, urinary leukocyte count, and renal concentrating capacity. Bacterial isolates from each episode were identified and saved, and the adhesive capacity of 2669 E. coli strains was defined by their binding to galactoseul-eagalactosep-containing receptors. Inflammatory response was significantlyhigher and renal concentrating capacity significantly lowerduring episodes caused by attaching strains. There was a linear relation between the number of indicators of inflammation and the proportion of galactosecl-ragalactoseil-binding strains present. Vesicoureteric reflux potentiated the inflammatory response. Attaching strains of E. coli thus appeared to be more capable of causing inflammation than wereother bacteria. The potentiating effect of attachment on inflammation explains the over-representation of galactoseul-eagalactoseb-recognizing bacteria in patients with acute pyelonephritis.
The mechanism whereby attachment enhances Escherichia coli virulence in the urinary tract was studied by a detailed analysis of the host response to bacteriuria. Episodes of bacteriuria in 1473 children were followed prospectively from 1970to 1984. To study the inflammatory responseto the bacteriuricepidoses,werecordedbody temperature,C-reactive protein, microsedimentation rate, urinary leukocyte count, and renal concentrating capacity. Bacterial isolates from each episode were identified and saved, and the adhesive capacity of 2669 E. coli strains was defined by their binding to galactoseul-eagalactosep-containing receptors. Inflammatory response was significantlyhigher and renal concentrating capacity significantly lowerduring episodes caused by attaching strains. There was a linear relation between the number of indicators of inflammation and the proportion of galactosecl-ragalactoseil-binding strains present. Vesicoureteric reflux potentiated the inflammatory response. Attaching strains of E. coli thus appeared to be more capable of causing inflammation than wereother bacteria. The potentiating effect of attachment on inflammation explains the over-representation of galactoseul-eagalactoseb-recognizing bacteria in patients with acute pyelonephritis.
One of the major factors influencing the severity of urinary tract infection (UTI) is bacterial virulence [1, 2] . Determinants of virulence have previously been defined by comparing isolates from patients with typical acute pyelonephritis with those from persons with asymptomatic bacteriuria [2] . These clinical syndromes are diagnosed by symptoms and results of laboratory tests that reflect the intensity of the acute inflammation, e.g., temperature, Creactive protein (CRP), erythrocyte sedimentation rate (mSR), urinary leukocyte counts, and renal concentrating capacity [3] [4] [5] [6] . Regardless of clinical diagnosis, results of these tests can be used as objective measures of the change induced by bacteria in individual hosts and thus as measures of the virulence of the infecting strain.
UropathogenicEscherichia coli contain several inflammatogenic substances, including lipopolysaccharide (LPS), outer membrane proteins, lipoproteins, and proteoglycan [7, 8] . Although these substances occur in all strains, only some strains in-duce inflammation in the urinary tract. The variation in inflammation may reflect differences in the ability of strains to present the inflammatogenic compounds to the tissues. In mice, bacterial adhesins were shown to potentiate the inflammatogenic effect of LPS in the urinary tract [9, 10] .
Attachment results from the interaction of bacterial surface proteins with glycolipid receptors on the epithelial cells [11] . The majority of attaching uropathogenic E. coli recognize the globoseries of glycolipids [12] sharing the disaccharide galactoseul-r 4gaiactoseB (Gal-Gal) [12, 13] . The present study provides evidence for the hypothesis that attaching E. coli with specificity for Gal-Gal induce inflammation in children with UTI more efficiently than do other E. coli strains.
Patients and Methods
Patients. A total of 1473 children, 1200 girls (median age, 3.8 y; mean age, 4.8 y) and 273 boys (median age, 0.5 y; mean age, 2.2 y), were enrolled between 1970 and 1979 in a prospective study of UTI at the Children's Hospital (Goteborg, Sweden). They made up "-'75010 of the children with first -time symptomatic UTI in Goteborg during the study period. Diagnosis, treatment, and follow-up were continued through 1984 according to a standardized protocol [14] . Children with symptomatic infections were treated for 10 d and were reexamined within a week after the end of treatment and then after one and three months. Children who presented with acute pyelonephritis were followed up for two years, and those who had abnormalities of the urinary tract or recurrences were followed up for a longer period. Between 1970 and 1984, this protocol resulted in a total of 20440 visits for the 1473 children studied. Episodes of UTI were defined as the presence of significant bacteriuria in combination with symptoms or as periods of asymptomatic bacteriuria (ABU) due to isolates with identical typing characteristics. During 1970 During -1973 , children with ABU were usually treated; subsequently, they were not treated [15] .
For this study, only the first visit in each episode of bacteriuria was analyzed (n = 4176). The distribution into different diagnostic groups for the group as a whole and for girls and boys separately is shown in table 1. Of the 1473 children, 1426 were enrolled in connection with their first episode of UTI. Thus, of the 4176 episodes, 2750 were recurrences.
Measures ofhost response. The responses of patients to each episode of bacteriuria were characterized by measuring some or all of the following: rectal body temperature (temperatures for afebrile children were assigned the value of 37 C), CRP level in serum [16] , and mSR. Pyuria was assessed on uncentrifuged urine by direct microscopy using a FuchsRosenthal chamber (Kebo Lab, Goteborg, Sweden). The maximal renal concentrating capacity was measured as the highest urine osmolality (mOsmoIlL)
de Man et al. in two consecutive samples obtained either after fluid deprivation for 15-18 h or after intranasal administration of 20 ng of a vasopressin analogue (Minirirrs; Eerring, Malmo, Sweden) [17] . Values for CRP level of >25 mg/L, mSR of >20 mm/h, temperaturẽ 38.5 C, pyuria >500 cells/mm", and for renal concentrating capacity <800 mOsmollL were defined as positive in our analysis.
Diagnostic criteria. A diagnosis of acute pyelonephritis was based on the presence of bacteriuria and a temperature~38.5 C, together with an mSR >25 mm/h, a CRP level >20 mg/L, and/or a temporary decrease in renal concentrating capacity in relation to age. Acute cystitis was defined as burning and frequency of urination in patients with a temperature <38.5 C and normal laboratory findings. Asymptomatic bacteriuria was defined as significant bacteriuria, with the same strain of bacteria present in at least two consecutive cultures of urine in children without symptoms. Patients with bacteriuria not fullfilling the criteria of any of these groups were diagnosed as having unspecified UTI [3, 14] . The frequency of the diagnoses according to these criteria is shown in table 1. Children enrolled with ABU had symptoms reflecting other problems; the bacteriuria was a coincidental finding. In contrast, recurrences of ABU were recorded during follow-up of patients with primary symptomatic infections.
Radiology. Radiological examinations were performed after normalization of body temperature. Voiding cystography was done for 71070 of the children with pyelonephritis (usually two to six weeks after the start of treatment), 15% of those with cystitis, 81% of those with asymptomatic bacteriuria, and 50% of those with unspecified UTI. The maximal reflux level in the right/left system at any examination in each patient was used for our analysis. Children with reflux into the renal pelvis were assigned to the reflux group. The 49 patients with reflux confined to the ureter were not included in the analysis for reflux and inflammation. The remaining patients were assigned to the non-reflux group.
Bacteria. Cultures were obtained at each visit from clean-catch urine specimens in children older than two years. In infants, positive cultures in samples obtained by using an adhesive bag were confirmed by suprapubic bladder aspiration. Positive cultures were defined as~105 bacteria/mL in voided urine or any growth in the suprapubic aspirates. The bacterial species were defined by routine methods. Gram-negative bacteria were saved in deep agar cultures sealed with sterile paraffin. The ability of the E. coli strains to attach to the globoseries of glycolipid receptors was analyzed by using a receptor-specific agglutination test [18] . Latex beads coated with bovine serum albumin and covalently coupled to Gal-Gal by a spacer arm were used at a concentration of 5 X 10 9 beads/mL. Bovine serum albumin-coated latex beads were controls (Orion Diagnostica, Helsinki, Finland). For testing, the E. coli strains were transferred to lactosebromthymol blue-agar plates, to ensure purity, and were subsequently subcultured overnight on trypticsoy agar plates (BBL Microbiology Systems, Cockeysville, Md). A loopful of bacterial growth was mixed with 20 ul of PBS; the receptor-specific latex reagents were dropped onto a glass slide and rocked for 1"\.12 min. Agglutination was read against a black surface by the unaided eye. Strains specifically reacting with Gal-Gal-latex were designated as Gal-Gal + and the remaining as Gal-Gal-. Gal-Gal + bacteria (table 3) .
Second, the intensity of the inflammatory response to each UTI episode was evaluated by counting the number of the indicators of host response present in each patient. The episodes for which we had complete information on the indicators of inflammatory response were included (n = 1090) in this analysis. The host response during episodes using the SAS® statistics program (SAS, the Gothenburg Computer Center, Sweden). The P values were determined by using Fisher's exact test [19] . The influence of age as a possible confounding variable was assessed by nonparametric partial correlation analysis [19, 20] No. of positive inflammatory parameters 
...,--r----r---r---r--"""T'"-
caused by Gal-Gal + and Gal-Gal-bacteria is shown in figure 1 . During the majority of episodes caused by Gal-Gal-bacteria, few or no positive signs of inflammation were recorded. In contrast, patients infected with attaching strains more frequently developed multiple signs of inflammation.
Indeed, the proportion of Gal-Gal + strains was found to increase linearly from 250/0 in patients with no indicators of inflammation present to 90% in those in which all indicators were present (figure 2). Vesicoureteral reflux is known to influence the severity of UTI. The levels of the indicators of inflammation were therefore compared between patients assigned to the reflux or non-reflux groups (table 3). The body temperature, CRP, and mSR were significantly increased and the renal concentrating capacity reduced.in the patients with reflux, as compared with the patients without reflux. The urinary leukocyte counts were similar in both groups.
The relative contribution of adherence and reflux to inflammation is illustrated in figure 3 . _. -, Gal-Gal +, reflux (n = 107); ..., Gal-Gal +, no reflux (n = 268); --, Gal-Gal-s, reflux (n = 104); --, Gal-Gal-e, no reflux (n = 240).
of inflammation, both in the presence and absence of reflux.
The influence of age on inflammation was analyzed with the nonparametric partial correlation analysis. Younger patients had higher levels of the inflammatory indicators than did older patients (P < .001). The association of Gal-Gal specificity with high levels of inflammation and low concentrating capacity remained after correction for age (P< .(01). Regardless of age, the patients with reflux had lower renal concentrating capacity (P < .(01) and higher levels of inflammation as measured by body temperature, CRP, and mSR (P < .(01). The association of reflux with high levels of white blood cell excretion was not significant after correction for age (P = .26).
Discussion
Bacterial attachment has been accepted as an important virulence factor in the pathogenesis of UTI. This concept was originally based on the observation of differences in the frequency with which attaching strains infected patients with more-severe or less-severe infection [21] . The mechanism(s) whereby attachment promotes virulence has, however, not been defined. The prevailing hypothesis that attachment enhances virulence by promoting bacterial persistence in the urinary tract [22, 23] does not explain the strong association of attachment with symptom-33 atic UTI. The present study provides evidence that attachment to Gal-Gal receptors enhances inflammation. The fact that inflammatory processes are responsible for the signs and symptoms of acute pyelonephritis explains the over-representation of attaching E. coli strains in this condition [21] .
The design of the present study differed in several ways from other analyses of host-parasite interactions in the urinary tract. Previous definitions of virulence factors were based on group-wise comparisons of isolates from patients assigned a clinical diagnosis of acute pyelonephritis, acute cystitis, or ABU. These diagnoses were, in turn, based on an accumulation of factors, ranging from clinical symptoms, fever, and laboratory signs to renal function. We have attempted to bring the analysis closer to the pathogenic events that determine the severity of infection. Rather than considering the complex clinical entity of acute pyelonephritis, we selected the quantitative and objective indicators of host response to each episode and evaluated their respectiveassociation with the attachment of the infecting strain.
The patients enrolled in the study were;.ll those who presented with bacteriuria at the Children's Hospital. Accordingly, symptomatic children dominated. Screening programs for asymptomatic bacteriuria were performed outside of the study. Within these limitations, there was no selection for diagnostic groups, and the laboratory workup for each episode was independent of clinical symptoms. In contrast, the radiological workup was selectively focused on patients with pyelonephritis and ABU. The analysis of inflammation and virulence was likely to be independent of selection, because comparisons of GalGal + and Gal-Gal-bacteria wereperformed within the groups where information was available.
The association of Gal-Gal + bacteria with inflammation was independent of clinical diagnosis [24] . Gal-Gal + bacteria caused higher levels of inflammationboth in symptomatic and asymptomatic patients. Thus the frequency of Gal-Gal + strains in infants with bacteriuria found by screening was low (20%), but those infected with such bacteria had higher levelsof mSR and urinary leukocytes and had larger ureteral diameters than did infants infected with other strains [24] . Pregnant women found during screening to have bacteriuria due to attaching strains had significantly lower renal concentrating capacity than did the remaining group (K. Stenkvist, personal communication). This result explains the previous observation that bacteria attachment cor-related better with the severity than with the site of UTI [6] . Taken together with the present study, this finding suggests that the Gal-Gal specificity is a marker of strains that are able to induce inflammatory changes in the host; the degree of the disease may depend on the resistance of the host.
The mechanisms whereby attachment facilitates the induction of inflammation in the urinary tract were studied in an experimental UTI model [9, 22] . LPS was identified as the key to inflammation. The inflammatory response seen after intravesical injection of whole bacteria was mimicked by lipid A [10] , which has the potential to cause many of the inflammatory changes seen in the patient with UTI [7] . Adherence probably potentiates the effect of lipid A. In the mouse urinary tract, the inflammatory response to lipid A increased "-'100-fold after aggregation with E. coli fimbriae specific for Gal-Gal receptors [10] . In this study, the strong correlation with inflammation was unique for the strains with Gal-Gal-specific attachment, compared with other virulence factors (e.g., hemolysin, resistance to the killing effect of serum, and adhesins with other receptor specificities) [2] . Results of the experimental UTI studies in combination with the results of the present study suggest that attaching E. colistrains are more inflammatogenic as a result of more efficient presentation of LPS to the tissues.
Reflux facilitates the ascent of bacteria [25, 26] to the kidneys and probably the intrarenal spread of inflammatogenic bacterial substances, such as LPS. Attachment appeared, however, to be more efficient than reflux as a vehicle for inflammatogenic bacterial products: The presence of attaching strains in patients without reflux yielded a higher inflammatory response than did that of nonattaching strains in patients with reflux. In the absence of reflux, nonattaching strains rarely induced a significant inflammatory response. The presence of reflux has been suggested to compensate for the need for virulence in E. colicausing acute pyelonephritis [27] .
In this study, the most severe inflammation was, however, found in patients with both reflux and GalGal + bacteria.
Inflammatory processes are involved in several aspects of UTI [28, 29] . The acute response to bacteriuria appears to fulfill the historic definition of inflammation: calor (fever), dolor (costo-vertebralangle tenderness), tumor (renal edema), and functio laesa (reduced renal concentrating capacity). Accordingly, the term inflammation was used here to de Man et al. describe the acute reaction measured at the time of diagnosis. It remains to be evaluated if and how this acute inflammatory response influences the development of renal scarring.
